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Summary
Despite extensive studies, the mechanisms under-
lying molecular motor function are still poorly under-
stood. Key to the mechanisms is the coupling of ATP
hydrolysis to conformational changes of the motor
protein. To investigate this coupling, we have con-
ducted combined quantum mechanical/molecular
mechanical simulations of PcrA helicase, a strikingly
simple motor that translocates unidirectionally along
single-stranded DNA (ssDNA). Our results reveal a
close similarity in catalytic site structure and reaction
pathway to those of F1-ATPase, and these similarities
include a proton relay mechanism important for effi-
cient ATP hydrolysis and an ‘‘arginine finger’’ residue
that is key to the coupling of the chemical reaction to
protein conformational changes. By means of in silico
mutation studies, we identified the residueQ254 as be-
ing crucial for the coupling of ssDNA translocation to
the actual catalytic event. Based on the present result
for PcrA helicase and previous findings for F1-ATPase,
we propose a general mechanism of ATP-driven
molecular motor function.
Introduction
Molecular motors are a class of proteins essential for
cellular function and include well-known systems such
as myosins, kinesins, F1-ATPases, and helicases. These
proteins are responsible for a diverse range of functions,
including the transport of cargo inside cells, muscle
contraction, energy metabolism, and DNA transcription.
Most molecular motors are powered by the free energy
released during the hydrolysis of adenosine triphos-
phate (ATP).
The detailed molecular mechanism underlying efficient
motor function is currently only poorly understood, and
there are two questions of particular importance. The first
one is concerned with the mechanismbywhich these mo-
lecular machines achieve the experimentally observed
high degree of catalytic efficiency during ATP catalysis.
Second, and at the heart of molecular motor function, is
the origin of the chemomechanical coupling mechanism,
i.e., the means by which the chemical free energy stored
in ATP is efficiently converted into a mechanical motion
giving rise to the motors’ physiological function.
PcrA is an ATP-driven 30 to 50 helicase responsible for
the unwinding of double-stranded DNA (dsDNA) (Velan-
kar et al., 1999; Soultanas et al., 2000) and is the focus of
*Correspondence: kschulte@ks.uiuc.eduthe present study. It consists of four distinct domains,
1A, 1B, 2A, and 2B, and there is a single catalytic ATP hy-
drolysis site located at the interface between the 1A and
2A domains. PcrA binds to dsDNA and causes the un-
raveling of the latter into two strands of single-stranded
DNA (ssDNA) by means of translocating along one of
the ssDNA strands toward the ssDNA/dsDNA junction.
The ssDNA track threads through the core of PcrA at the
interface between its 1A/2A and 1B/2B domains.
A number of experimental studies have provided in-
sight into PcrA function and the mechanism underlying
its DNA-unwinding ability (Dillingham et al., 1999, 2000;
Soultanas et al., 2000). Furthermore, several X-ray crys-
tal structures have been solved at atomic resolution
(Subramanya et al., 1996; Velankar et al., 1999). Velankar
et al. (1999) reported structures of PcrA from Bacillus
stearothermophilus in a substrate conformation at a res-
olution of 3.3 A˚ and a product form at 2.9 A˚ resolution,
which had the ATP analog AMP-PNP and no nucleotide
bound, respectively. Based on these two structures, the
authors suggested that the enzyme translocates along
ssDNA by an ‘‘inchworm mechanism’’ that is driven by
alternating affinities between the bound ssDNA and
the protein domains contacting it.
These studies, however, have shed little light on the
microscopic origin of the affinity changes driving heli-
case translocation along ssDNA and how they are cou-
pled to the ATP hydrolysis reaction in the catalytic site
of PcrA helicase. This is where computational studies
can provide important insights into the molecular mech-
anism of PcrA function. A previous study has used
molecular dynamics simulations to investigate the im-
portance of specific protein regions for the structural
stability of PcrA (Cox et al., 2003).
Here, we report the results of combined quantum me-
chanical/molecular mechanical (QM/MM) simulations of
the ATP hydrolysis reaction in the catalytic site of PcrA
and its coupling to larger-scale conformational changes
eventually leading to the translocation of PcrA along
ssDNA. Computer simulation studies have been previ-
ously used to study molecular motor function and enzy-
matically catalyzed nucleotide triphosphate hydrolysis
reactions in such diverse systems as F1-ATPase (Bo¨ck-
mann and Grubmu¨ller, 2002; Strajbl et al., 2003; Dittrich
et al., 2004), myosin (Minehardt et al., 2002; Li and Cui,
2004), kinesin (Wriggers and Schulten, 1999), ras (Lan-
gen et al., 1992; Schweins et al., 1994), and Cdc42
(Cavalli and Carloni, 2001).
Presently, no computational approach is able to cover
the full range of time and length scales involved in ATP
hydrolysis-driven motor function. Our study focuses
on the catalytic reaction and its interaction with the pro-
tein environment. The findings of the present study,
however, have been employed in a paper by Yu et al.
(2006) reporting a nanosecond molecular dynamics de-
scription combined with a stochastic dynamics simu-
lation of PcrA translocation along ssDNA, simulating
PcrA function on a millisecond timescale.
Our study of PcrA reveals a close resemblance of the
mechanism governing efficient ATP catalysis and the
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1346Figure 1. Structural Alignment of PcrA and F1-ATPase
(A) Depicted are the aligned X-ray structures of the 1A and 1B domains of PcrA and the bTP subunit of F1-ATPase colored by Q-Value (O’Donog-
hue and Luthey-Schulten, 2005). In (A), the color scheme from red to white to blue indicates a structural alignment quality ranging from good to
weak.
(B) Shown is a close-up view of the aligned catalytic sites of PcrA (red) and F1-ATPase (blue) with bound ADP in van der Waals representation;
conserved residues (Walker motifs A and B) are highlighted in licorice representation.
(C) Shown are the two parts of the sequence alignment that contain a stretch of two or more consecutive conserved residues; the upper panel
corresponds to the Walker A or P loop motif, and the lower one corresponds to the Walker B motif.chemomechanical coupling in PcrA with the one found
by previous computational studies (Dittrich et al., 2003,
2004) to be operative in F1-ATPase. Furthermore, we
identify a structural pathway by which the catalytic reac-
tion in the binding site of PcrA is coupled to ssDNA
translocation. Based on the similarity of the conforma-
tion of the catalytic core in PcrA and in the b subunits
of F1-ATPase, we propose a set of fundamental princi-
ples underlying efficient ATP-driven molecular motor
function.
Results
Multiple Sequence Alignment of PcrA and F1-ATPase
Structurally, the catalytic site of PcrA shows a close sim-
ilarity to the ones in F1-ATPase, as was pointed out by
Subramanya et al. (1996) in their seminal description of
a DExx box DNA helicase. The structural analogy sug-
gests a similar mechanism for coupling nucleotide hy-
drolysis to mechanical force generation in both systems,
leading to linear motion along ssDNA in the case of PcrA
and rotation of the central stalk in the case of F1-ATPase.
To investigate this similarity further and to allow for
a critical comparison of the events accompanying ATP
hydrolysis in PcrA and F1-ATPase, we have performed
a structure-based sequence alignment. Applied to the
1A and 1B domains of PcrA and the bTP domain of F1-
ATPase, the alignment shown in Figure 1 revealed an ex-cellent structural fit between the two systems’ respec-
tive catalytic core regions. Both catalytic sites are found
to have a RecA-like fold (Ye et al., 2004) consisting of
a central b sheet adjoined by a helices on both sides.
The bound nucleotide is located at the interface be-
tween two RecA-like domains, provided by the 1A and
2A domains in the case of PcrA and by adjacent a and
b subunits in the case of F1-ATPase. It is striking that
the high degree of structural similarity between PcrA
and F1-ATPase is realized with only a very limited degree
of sequence homology. Indeed, there are only two
sequence regions with more than two consecutive con-
served residues, and these regions correspond to the
well-known Walker A and B motifs (Walker et al., 1982).
QM/MM Simulations of ATP Hydrolysis
in the Catalytic Site of PcrA Helicase
In the following, we describe ATP hydrolysis reaction
pathways, energies, and findings from in silico mutation
studies in PcrA helicase obtained via QM/MM simula-
tions.
Reactant State Conformation
Figure 2 shows the reactant state (RS) conformation of
the quantum mechanically treated part of the catalytic
site in PcrA. The overall make-up in terms of amino
acid side chains is similar to the one found in the binding
pockets of F1-ATPase, as illustrated schematically in
PcrA Helicase, a Prototype Molecular Motor
1347Figure 2. Key States along the ATP Hydrolysis Pathway
Shown are the conformations of the quantum mechanically treated part of the QM/MM subsystem in the reactant (RS), transition (TS1/TS2),
intermediate (IS1/IS2), and product (PS) states of ATP hydrolysis pathways 1 and 2.Figure 3, including a magnesium ion coordinated to two
oxygen atoms on the b- and g-phosphate group of ATP.
The 2A domain of PcrA contributes two arginine resi-
dues, R287 and R610, to the catalytic site, which both in-
teract with the g-phosphate group of the bound ATP.
Based on its position with respect to the triphosphatemoiety of ATP, R287 can be identified with the so-called
‘‘arginine finger’’ residue present in ras (Wittinghofer
et al., 1997) and F1-ATPase (Dittrich et al., 2004). Re-
garding the conformation of the second arginine resi-
due, it is important to note that only one of R610’s gua-
nidinium amine groups contacts the oxygen atoms onFigure 3. ATP Hydrolysis Reaction Pathways in PcrA and F1-ATPase
Shown are schematic views of the catalytic core region of the reactant, transition, and product states for PcrA (top) and F1-ATPase (bottom).
Depicted are important catalytic site residues; their nominal charge is indicated if applicable. Also shown is the location of binding pocket res-
idues in their respective protein subunits, 1A/2A and a/b for PcrA and F1-ATPase, respectively. The arrows in the reactant and transition states for
both PcrA and F1-ATPase outline the proton relay mechanism responsible for efficient ATP hydrolysis in each case.
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1348Figure 4. Energetics of ATP Hydrolysis in
PcrA
Shown are the energies of the states RS, TS1,
TS2, IS1, IS2, B1, and PS during the ATP hy-
drolysis reaction in the catalytic site of PcrA
along pathways 1 and 2 (the corresponding
structures are shown in Figure 2). In addition
to the product state energy of the wt, the en-
ergies of mutants Q254G and Q254N (with
and without an additional water molecule;
see Experimental Procedures) are also given.the g-phosphate group directly, while the second inter-
action is via an intervening water molecule, W3. This
configuration is not optimal for stabilizing the negative
charge that develops in the transition and posttransition
states during ATP hydrolysis (Dittrich et al., 2003, 2004)
and leads one to suspect that in order to allow for effi-
cient catalysis, further closing of the binding cleft will
be required to bring R610’s guanidinium group into
close contact with the g-phosphate moiety of the bound
nucleotide. With the exception of R287 and R610, all res-
idues contacting the triphosphate moiety of ATP are
contributed directly by the 1A domain of PcrA (see Fig-
ure 3). Residue K37 hydrogen bonds to two oxygen
atoms on the b- and g-phosphate groups. E224 forms
hydrogen bonds with two water molecules, W1 and W2,
that are themselves hydrogen bonded to two g-phos-
phate oxygen atoms, an arrangement similar to the one
found in a previous study of F1-ATPase (Dittrich et al.,
2004). Hence, similar to its role in other ATPases (Abra-
hams et al., 1994; Dittrich et al., 2004), this puts E224 in
an ideal position for activating the nucleophilic water,
W1, during hydrolysis. The catalytic binding site of PcrA
features a glutamine residue, Q254, in hydrogen bonding
distance to the g-phosphate group of ATP, E224, and
W2. This residue is absent from the catalytic sites of F1-
ATPase and is thought to be involved in transducing the
ATP binding event to the PcrA domains in contact with
the bound ssDNA (Subramanya et al., 1996). Overall,
the similarity of the catalytic sites of PcrA and F1-ATPase
suggests a common mechanism of ATP hydrolysis.
ATP Hydrolysis in PcrA
Our QM/MM calculations identified three distinct path-
ways for ATP hydrolysis. The one with the highest tran-
sition state barrier ofw40 kcal/mol proceeds via direct
proton transfer from the nucleophilic water, W1, to theg-phosphate oxygen atoms, and it is often assumed to
represent the physiologically relevant reaction mecha-
nism. However, due to its high barrier, this pathway will
not contribute appreciably to ATP hydrolysis in PcrA
and, therefore, will not be considered in the following.
The two remaining pathways, pathway 1 and pathway
2, both proceed via a proton relay mechanism that was
first described in F1-ATPase (Dittrich et al., 2003, 2004)
and lead to the same product state (PS) conformation
depicted in Figure 2. During this relay mechanism, the
proton of the nucleophilic water, W1, is transfered to
the g-phosphate oxygen atoms via several intervening
hydrogen binding sites rather than directly. Figure 4 dis-
plays the energies of the reactant, transition (TS1/TS2),
intermediate (IS1/IS2), and product states along path-
ways 1 and 2. Most noticeable are the vastly different
transition state barrier heights of 20.5 kcal/mol and
37.6 kcal/mol for pathways 1 and 2, respectively, and
the endothermic reaction energy profile with a product
state energy of 10.5 kcal/mol for the wild-type (wt).
The main mechanistic difference between the two
pathways is the way in which the proton of the nucleo-
philic water, W1, is eventually transfered to the g-phos-
phate group during the proton relay mechanism. In path-
way 2, the proton moves via the intervening H3O
+ ion to
ATP-Og2, whereas in pathway 1, it is initially transferred,
also via the H3O
+ ion, to the carboxyl group of E224 to
yield a neutral carboxylic acid side chain. When ADP
and Pi separate after having passed the transition state,
TS1, the proton transfers back from E224 to ATP-Og2 to
complete the hydrolysis reaction. The transition state
conformations along pathways 1 and 2, TS1 and TS2,
both feature a planar pentacovalent arrangement of
the g-phosphate group and reveal the associative char-
acter of the ATP hydrolysis reaction in PcrA. Figure 5A
shows the difference in electrostatic interactionFigure 5. Electrostatic Interaction between
ATP and the Protein Environment in PcrA
(A and B) Shown are the (A) difference in the
electrostatic interaction between RS and
TS1 and the (B) difference between the two
transition states, TS1 and TS2.
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upon going from RS to TS1. The contributions of four
residues are most noticeable: K37, E244, and R287
lead to a significant electrostatic stabilization of the
transition state, whereas K568, which interacts with
E224 via a salt bridge, causes a slight destabilization.
This electrostatic analysis clearly highlights the impor-
tance of the arginine finger residue R287 and, more gen-
erally, of most of the charged catalytic site residues for
transition state stabilization. However, similar to the sit-
uation in F1-ATPase (Dittrich et al., 2004), the second ar-
ginine, R610, does not contribute noticeably to stabiliz-
ing the transition state and might be important for the
initial binding of ATP to the catalytic site and for stabiliz-
ing the (hydrolyzed) product state. Considering the sim-
ilar overall conformation of the catalytic region in TS1
and TS2, the dramatic difference in the transition state
barrier height ofw17 kcal/mol is striking. The most sig-
nificant structural differences between TS1 and TS2 is
the location of the hydronium ion (consisting of W2
and one of W1’s protons) with respect to the g-phos-
phate group of ATP and the residues of the binding
pocket. Compared to TS2, the position of the hydronium
ion in TS1 is closer to E224 and farther away from the g-
phosphate group (see Figure 2). The closer proximity of
the hydronium ion to E224 in TS1 has two effects. First, it
leads to the initial protonation of E244 rather than of the
g-phosphate group. Second, as an analysis of the elec-
trostatic interaction between the catalytic core and the
protein environment shows, the repositioning of the
H3O
+ ion, together with the accompanying change in
electronic structure, leads to an electrostatic stabiliza-
tion of TS1 with respect to TS2, giving rise to the signif-
icantly lowered transition state barrier height. This
change in the Coulomb interaction is depicted in Fig-
ure 5B and is mostly due to a decrease in electrostatic
repulsion between the positively charged H3O
+ and
K37 and an increase in electrostatic attraction between
the hydronium ion and E244.
Apart from the H3O
+ ion, the most significant confor-
mational change between TS1 and TS2 involves the
position of Q254. In TS1, the amide group of Q254 is
hydrogen bonded to the g-phosphate group of ATP,
whereas in TS2, the same amide group hydrogen bonds
to the nucleophilic water. Hence, the proper orientation
of Q254 with respect to the triphosphate moiety of ATP
is important for achieving efficient ATP hydrolysis.
After passing their transition states, both pathway 1
and pathway 2 become trapped in an intermediate state
configuration, IS1 and IS2, with nearly identical energies
of 14.1 kcal/mol and 15.9 kcal/mol, respectively. Com-
pared to their corresponding transition state conforma-
tions, IS1 and IS2 have a slightly larger ATP-Ob3-ATP-Pg
separation of 2.25 A˚ and 2.00 A˚, respectively. The phos-
phate group in IS1 has already undergone Walden inver-
sion, whereas it is still in an approximate planar penta-
covalent arrangement in IS2.
Both pathway 1 and pathway 2 give rise to the same
product state conformation shown in Figure 2. Due to
the steric constraints exerted by the binding pocket,
the reaction products ADP and Pi do not separate
much from each other, with a final ATP-Ob3-ATP-Pg sep-
aration of 2.75 A˚, and lead to an endothermic product
state energy of 10.5 kcal/mol. Using constrained opti-mization (see Experimental Procedures), the pathway
connecting IS1 and PS could be mapped out and was
found to give rise to a moderate energy barrier, B1, of
15.4 kcal/mol. In the product state conformation, the
amide group of Q254 is tightly hydrogen bonded to Pi,
which has undergone a Walden inversion with respect
to the RS.
To further examine the role of Q254 during the chemo-
mechanical coupling in PcrA, two additional sets of sim-
ulations involving the mutations Q254N and Q254G were
performed. Figure 4 shows the product state energies of
the respective ATP hydrolysis pathways. The mutation
Q254G can be seen to lead to a slightly lowered product
state energy of 6.2 kcal/mol compared to the wt. The
mutation Q254N was investigated by using two sets of
simulations (see Experimental Procedures). In the first
set of runs, no additional water molecules were added
to the system. During the minimization of the product
state conformation, a movement of the asparagine
group of Q254N toward R610 was observed, and this
movement resulted in a product state energy of 3.2
kcal/mol. The second set of runs contained a single
added water molecule. The presence of the water mole-
cule prevented the motion of Q254N toward R610 in the
product state and gave rise to an energy of 11.7 kcal/
mol, a value very close to the wt one of 10.5 kcal/mol.
We will, therefore, focus in the discussion below only
on the first, lower-energy scenario for Q254N.
Discussion
Here, we summarize the findings of our investigation of
ATP hydrolysis in PcrA helicase and state the general
principles underlying molecular motor function that
have emerged from our study. We first discuss the struc-
ture of PcrA’s catalytic binding site in the context
of other motor ATPase structures. Then, we describe
in detail our findings for the ATP hydrolysis reaction in
PcrA and discuss their implication for helicase function.
Structural Comparison of PcrA and F1-ATPase
Structural alignment of PcrA and F1-ATPase revealed
a considerable structural similarity of their respective
catalytic binding sites, despite a low sequence homol-
ogy. Indeed, PcrA and F1-ATPase both feature a RecA-
like catalytic core region (Ye et al., 2004), a fact that
had previously been noted by Subramanya et al. (1996)
in their description of an atomic resolution structure of
a DNA helicase and is also summarized in Caruthers
and McKay (2002). Our analysis revealed that, without
exception, all residues that were found to be important
for ATP hydrolysis in F1-ATPase (Dittrich et al., 2004)
are also present in the catalytic binding pocket of PcrA
(see Figure 3). Most of these residues are part of the con-
served Walker A and B motifs, e.g., K37 or E244, and are
located in the 1A domain of PcrA. Two arginine residues,
R287 and R610, which contact the g-phosphate group of
ATP in PcrA, are contributed by the neighboring 2A
domain. This differs from the situation in F1-ATPase,
where only one of the two arginine residues contacting
ATP, aR373, is contributed by a neighboring a subunit;
the second one, bR189, is located in the b subunit hous-
ing the catalytic site itself. In F1-ATPase, the proper
orientation of aR373 with respect to the nucleotide was
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sis in one catalytic site to conformational changes in a
neighboring one (Dittrich et al., 2004). bR189, on the
other hand, was implicated in ATP binding.
Since R287 and R610 reach into the catalytic site of
PcrA from the neighboring 2A domain, both have the
potential to serve as conformational sensors relaying
any relative motion of 2A with respect to 1A, e.g., binding
pocket closure, directly to the bound ATP. Keeping in
mind the importance of R287 for transition state stabili-
zation (see Results and below), its involvement in such
a signaling action is clearly implied and is functionally
analogous to the arginine finger residue aR373 in F1-
ATPase. The role of R610 in PcrA is not as clear. Similar
to bR189 in F1-ATPase and based on the analysis of its
electrostatic interaction with ATP depicted in Figure 5,
R610 does not seem to be involved in transition state
stabilization.
The main structural difference between the catalytic
binding sites of PcrA and F1-ATPase lies in the presence
of the glutamine residue Q254 in PcrA, which is located
close to the g-phosphate group of ATP and whose role
will be discussed in more detail below.
ATP Hydrolysis in PcrA
Two viable pathways for ATP hydrolysis could be iden-
tified, both of which proceed via a proton relay mecha-
nism that had previously been suggested to be impor-
tant for efficient catalysis in ras (Wittinghofer et al.,
1997), F1-ATPase (Dittrich et al., 2003, 2004; Dittrich
and Schulten, 2005), and myosin (Li and Cui, 2004).
Hence, there is now mounting evidence that such a pro-
ton relay mechanism is of general importance for effi-
cient ATP hydrolysis in a broad class of motor ATPases.
Based on the fact that both PcrA and F1-ATPase have
a RecA-like catalytic core region and, therefore, share
the catalytic site conformation and the residues crucial
for ATP hydrolysis, we propose that such a proton relay
mechanism is operative in all RecA-like NTPases.
Since only pathway 1 has a transition state barrier con-
sistent with physiological timescales of PcrA motion
along ssDNA, it will be the sole focus of the following dis-
cussion. Overall, the ATP hydrolysis pathway in the cata-
lytic sites of PcrA compares very well with previous find-
ings for F1-ATPase (Dittrich et al., 2003, 2004), both
structurally and energetically. Particularly, the endother-
micity of the reaction energy profile in PcrA, previously
observed in the bTP binding pockets of F1-ATPase, is
striking and implies that the crystal structure underlying
our model system corresponds to one that tightly binds
ATP, but does not readily hydrolyze it. Simulations of
F1-ATPase (Dittrich et al., 2004) showed that movement
of the arginine finger residue aR373 toward the g-phos-
phate group is necessary to convert the catalytic site
from one that tightly binds ATP with an endothermic reac-
tion energy profile to one that efficiently hydrolyzes ATP
with an equilibrium constant of K w 1. In the case of
PcrA, the arginine finger equivalent, R287, is already
properly positioned and gives rise to a transition state
barrier ofw20 kcal/mol, which is close to the value that
can be estimated from experimentally measured rates.
What, then, inhibits efficient ATP hydrolysis in PcrA by
means of maintaining an endothermic product state en-
ergy? One possible cause is the unfavorable position ofR610’s guanidinium group with respect to the g-phos-
phate moiety of ATP. Instead of the two hydrogen bonds
observed in the bTP and bDP sites of F1-ATPase, R610 in
PcrA only maintains a single, direct hydrogen bond to
the g-phosphate group, the second one being via an in-
tervening water molecule, W3, as has been pointed out
already above. In order to bring R610 closer to ATP
and, presumably, into a more favorable position for effi-
cient ATP hydrolysis, a slight further closing of the cleft
between the 1A and 2A domains that forms the catalytic
binding site would be required. To investigate this sug-
gestion in more detail, it would be interesting to use mo-
lecular dynamics together with QM/MM simulations to
determine if a forced closure of the catalytic binding
site between domains 1A and 2A and better positioning
of R610 with respect to the g-phosphate group lead to
a qualitative change in the endothermic reaction energy
profile.
A second cause for the endothermicity of the reaction
energy profile could be the glutamine group of Q254 in
the catalytic site of PcrA. Our simulations show that
Q254 remains in close contact with the g-phosphate
group over the full course of the ATP hydrolysis reaction
and tightly hydrogen bonds to it in the product state
conformation. Q254 is part of a loop region that contains
the tyrosine residue Y257, which, together with F64,
forms the pocket that transiently accommodates a sin-
gle base of the bound ssDNA in the product state (re-
ported by Velankar et al., 1999). In the substrate state
conformation of PcrA that underlies our simulation, no
base is bound between Y257 and F64 (Velankar et al.,
1999). It is, therefore, conceivable that by means of the
position of Q254 in the catalytic site, ATP hydrolysis is
inhibited until the pocket formed by Y257 and F64 be-
comes occupied by a base via, for example, thermal
fluctuations. This, in turn, alters either the conformation,
the dynamical properties, or both of the loop containing
Y257 and Q254, thereby removing the endothermicity
constraint on the product state; together with the already
low transition state energy barrier, the interaction of
a ssDNA base with the Y257/F64 pocket and Q254 could
then give rise to efficient ATP hydrolysis. As a reversal of
this theme, it could also be possible that, driven by ther-
mal fluctuations, the Y257 pocket opens up without initial
binding of a base, while the ensuing ATP hydrolysis reac-
tion locks the pocket in a conformation that facilitates
subsequent base binding. Both scenarios involve a ther-
mally fluctuating ratchet provided by the Y257 pocket
and an ATP hydrolysis event that plays the role of the
pawl. The importance of the region containing Y257,
termed the helicase motif III (Caruthers and McKay,
2002), for translocation of PcrA along ssDNA has been
established by mutation experiments involving W259
that were conducted by Dillingham et al. (1999).
To investigate the role of the helicase motif III further,
the ATP hydrolysis reaction pathways for mutants
Q254G and Q254N were studied by using QM/MM
simulations. Both mutations lead to a lowering of the
product state energy by w4 kcal/mol and w7 kcal/
mol, respectively. Considering the fact that Q254N
undergoes only small conformational changes during
optimization (data not shown), these results clearly indi-
cate that relatively minor movements of the glutamine
side chain are tightly coupled to the ATP hydrolysis
PcrA Helicase, a Prototype Molecular Motor
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The simulation model includes the nucleotide
located in the center that is shown in van der
Waals representation. The protein surround-
ing the binding pocket is shown in cartoon
representation, a single strand of DNA is
shown in licorice representation, and the sol-
vent water is depicted in line representation.reaction and exert a strong influence on the overall re-
action energy profile. Keeping in mind that our in silico
mutation method only allows for relatively localized
structural changes, it seems plausible to assume that
motion of Q254 can lower the product state energy suffi-
ciently to achieve an equienergetic reaction energy pro-
file. Based on these results, we propose that Q254 func-
tions as a ‘‘ssDNA sensor’’ and is involved in the coupling
of conformational changes induced by ssDNA base flip-
ping into the Y257/F64 pocket to ATP hydrolysis in the
catalytic site. Furthermore, combined with our previous
results for F1-ATPase (Dittrich et al., 2004), the data for
PcrA suggest that the actual catalytic step during ATP
hydrolysis in RecA-like molecular motors is not directly
coupled to mechanical motion, since no net free energy
is released. The ATP hydrolysis reaction in PcrA and
F1-ATPase is schematically summarized in Figure 3.
Experimentally, it was shown that mutations Q254E,
Q254A, Q254N, Q254R, and Q254K all lead to a signifi-
cantly lowered ATPase activity (Dillingham et al., 1999).
In this regard, it is interesting to note that Dillingham
et al. (1999) found that the largest reduction in kcat was
displayed by the positively charged and polar mutations
Q254K, Q254R, and Q254N. This further supports the
suggested proton relay mechanism, since the hydro-
nium ion present in the transition state can be expected
to be most perturbed by an additional positive charge in
its vicinity.
Conclusions
In the present study, we report the results of QM/MM
simulations of the chemomechanical coupling in the DNA
helicase PcrA. A structural alignment of the catalytic coreregion of PcrA with the b subunits of F1-ATPase revealed
their strikingly similar conformations despite a very low
sequence homology. This similarity further manifested
itself during the computational study of ATP hydrolysis
in the catalytic site of PcrA. The overall reaction was
found to be endothermic with a product state energy
ofw10 kcal/mol and a moderate transition state barrier
of w20 kcal/mol. Efficient ATP hydrolysis was found to
proceed via a proton relay mechanism previously deter-
mined to be operative in F1-ATPase (Dittrich et al., 2003,
2004). Further computational analysis of mutations
Q254G and Q254N revealed the crucial role of the gluta-
mine side chain of Q254 in coupling the pocket accom-
modating a base of the bound ssDNA to the catalytic
region, thereby establishing a means of correlating nu-
cleic acid base flipping and ssDNA translocation with
ATP hydrolysis.
Based on the observed similarities between PcrA
and F1-ATPase, we propose that the chemomechanical
coupling mechanism presented constitutes a general
property of RecA-like, ATP-driven molecular motors.
Experimental Procedures
In the present study, we have employed a variety of computational
approaches to investigate molecular motor function in PcrA heli-
case. A multiple sequence alignment was used to establish the sim-
ilarity of the catalytic region in PcrA helicase and F1-ATPase. QM/
MM calculations in tandem with in silico mutation studies were
then used to investigate the chemomechanical coupling mechanism
in PcrA helicase.
Multiple Sequence Alignment
The structural sequence alignment of the PcrA catalytic site and the
one of F1-ATPase was conducted with the Multiple Alignment Tool
Structure
1352(Eargle et al., 2006) of VMD (Humphrey et al., 1996) by using the
STAMP (Russell and Barton, 1992) algorithm. The alignment used
the complete bTP catalytic site of F1-ATPase (PDB accession code
1E79) and the 1A and 1B domains (residues 4–286) of PcrA (PDB
code: 3PJR).
Simulation System Preparation
The starting conformation for our simulations was extracted from
the final frame of an all-atom simulation system containing PcrA,
TIP3P water, and ions that had been equilibrated by using the
molecular dynamics program NAMD2 (Phillips et al., 2005) for
4.3 ns in the NPT ensemble. The system is based on the atomic res-
olution structure by Velankar et al. (1999) (PDB code: 3PJR) and con-
tained a total of 114,791 atoms.
To obtain a well-minimized starting conformation for our QM/MM
simulations, the system was then cooled down from an initial tem-
perature of 310 K to a final temperature of 20 K in steps of 10 K
with an equilibration time of 40 ps each. The system was subse-
quently thoroughly minimized forw59,000 steps by using NAMD2’s
conjugate gradient optimization algorithm.
QM/MM Simulations
Since the size of the molecular dynamics system was too large for
our QM/MM approach, the simulation model was reduced to
a spherical subsystem of radiusw34 A˚ centered around the nucle-
otide ATP bound to the catalytic site of PcrA. The QM/MM subsys-
tem contained 19,899 atoms and is depicted in Figure 6. The proper
position and orientation of water molecules in the nucleotide binding
pocket were verified with the program DOWSER (Zhang and Her-
mans, 1996). In all simulations, the atoms in a shell extending from
a radial distance of 28 A˚ to the surface were kept fixed to preserve
the overall shape. The QM/MM system was then further classically
minimized until a gradient of <5$1026 Hartree/Bohr was reached.
QM/MM simulations (Warshel, 1976; Singh and Kollman, 1986;
Field et al., 1990; Maseras and Morokuma, 1995; Bakowies and
Thiel, 1996; Lyne et al., 1999; Lyne and Walsh, 2001; Colombo
et al., 2002) provide a powerful tool for studying quantum mechani-
cal processes in the presence of a large biomolecular environment.
Our QM/MM approach is based on the quantum chemistry package
GAMESS (Schmidt et al., 1993) and the AMBER94 force field (Cornell
et al., 1995) for the quantum mechanically and classically treated
parts, respectively. The QM/MM method, described in detail in Hay-
ashi and Ohmine (2000) and Dittrich et al. (2003), uses the link atom
approach at the QM/MM boundary and a restrained electrostatic po-
tential (RESP) charge formalism (Bayly et al., 1993) for the electro-
static coupling. The reactant state (RS) panel of Figure 2 depicts
the quantum mechanically treated core region of the QM/MM sub-
system. It consists of the triphosphate part of ATP and its associ-
ated Mg2+ ion; the side chain of residues R287, R610, Q254, E224,
and K37; and three water molecules, W1–W3.
All QM/MM calculations were conducted by using the B3LYP/6-
31G level of theory. The calculated transition states and minima
were confirmed by the presence of only a single or no imaginary fre-
quency in the Hessian matrix, respectively. Intrinsic reaction coordi-
nate calculations starting from the transition state geometries were
used to establish the pathways between reactant, transition, and in-
termediate states. The pathways connecting the two intermediate
states with the final product state were mapped out by using con-
strained optimizations carried out in steps of 0.1 A˚ along the ATP-
Ob3-ATP-Pg direction. The product state corresponds to the confor-
mation of lowest enthalpy that we were able to determine by using
our QM/MM method.
To further investigate the role of residue Q254 in the product state,
two mutations, Q254G and Q254N, were studied in silico. For
Q254G, DOWSER was used to fill the void resulting from the removal
of the glutamine side –chain with two water molecules. For Q254N,
DOWSER suggested the placement of one additional water mole-
cule. However, since the void resulting from replacing the glutamine
side chain by an asparagine was small, we decided to investigate
two systems, one with an additional water molecule and one with-
out. The Q254G and Q254N mutant systems were first optimized
classically, and QM/MM simulations were then used to recalculate
the reactant and product states.All energies pertaining to the ATP hydrolysis pathways provided in
this article are reaction enthalpies rather than true reaction free en-
ergies, since calculation of the latter is beyond our computational
capabilities. As pointed out by Dellago et al. (1999), a proper under-
standing of chemical reactions taking place at room temperature in
a solution environment requires free energy methods and extensive
transition state sampling. However, in contrast to a solution reac-
tion, ATP hydrolysis in the catalytic site of PcrA is tightly coupled
to the protein environment, and entropic effects are not expected
to lead to qualitative changes in a reaction mechanism derived
from enthalpic considerations alone. In particular, since our main fo-
cus is on investigating the differences in the qualitative behavior be-
tween different reaction mechanisms rather than absolute energies,
such an approach is sufficient. This has been previously demon-
strated in the case of ATP hydrolysis in F1-ATPase (Dittrich et al.,
2003, 2004).
Electrostatic Potential
The electrostatic interactions between residues in the MM part and
the QM core region shown in Figure 5 are derived from the Coulomb
interaction between the partial charges on the MM atoms and the
RESP charges calculated via our QM/MM method on a quantum me-
chanically treated subsystem consisting of the triphosphate part of
ATP, Mg2+, and W1–W3. As such, the numerical values of the inter-
action energies are an approximation to the exact interaction poten-
tial, but they properly reflect the relative contributions of the individ-
ual residues considered here.
Acknowledgments
The authors would like to thank J. Yu for fruitful discussions and for
the molecular dynamics trajectories that provided the starting point
for our QM/MM study. They would also like to thank T. Ha for many
insights and Z. Luthey-Schulten for the great sequence-structure
alignment tool in VMD. This work is supported by grants from the
National Institutes of Health (PHS-5-P41-RR05969) and the National
Science Foundation (NSF) (MCB02-34938). The authors gladly ac-
knowledge computer time at the NSF centers (LRAC MCA93S028)
and the Pittsburgh Supercomputer Center (NCRR Research Re-
source RR06009). The molecular images were created with VMD
(Humphrey et al., 1996).
Received: April 28, 2006
Revised: June 19, 2006
Accepted: June 22, 2006
Published: September 12, 2006
References
Abrahams, J., Leslie, A., Lutter, R., and Walker, J. (1994). Structure
at 2.8 A˚ resolution of F1-ATPase from bovine heart mitochondria.
Nature 370, 621–628.
Bakowies, D., and Thiel, W. (1996). Hybrid models for combined
quantum mechanical and molecular mechanical approaches.
J. Phys. Chem. 100, 10580–10594.
Bayly, C., Cieplak, P., Cornell, W., and Kollman, P. (1993). A well-be-
haved electrostatic potential-based method using charge restraints
for deriving atomic charges: the RESP model. J. Phys. Chem. 100,
10269–10280.
Bo¨ckmann, R.A., and Grubmu¨ller, H. (2002). Nanoseconds molecu-
lar dynamics simulation of primary mechanical energy transfer steps
in F1-ATP synthase. Nat. Struct. Biol. 9, 198–202.
Caruthers, J., and McKay, D. (2002). Helicase structure and mecha-
nism. Curr. Opin. Struct. Biol. 12, 123–133.
Cavalli, A., and Carloni, P. (2001). Enzymatic GTP hydrolysis: in-
sights from an ab initio molecular dynamics study. J. Am. Chem.
Soc. 124, 3763–3768.
Colombo, M.C., Guidoni, L., Laio, A., Magistrato, A., Maurer, P.,
Piana, S., Rohrig, U., Spiegel, K., Sulpizi, M., VandeVondele, J.,
et al. (2002). Hybrid QM/MM Car-Parrinello simulations of catalytic
and enzymatic reactions. Chimia (Aarau) 56, 13–19.
PcrA Helicase, a Prototype Molecular Motor
1353Cornell, W.D., Cieplak, P., Bayly, C.I., Gould, I.R., Merz, K.M., Jr.,
Ferguson, D.M., Spellmeyer, D.C., Fox, T., Caldwell, J.W., and Koll-
man, P.A. (1995). A second generation force field for the simulation
of proteins, nucleic acids, and organic molecules. J. Am. Chem.
Soc. 117, 5179–5197.
Cox, K., Watson, T., Soultanas, P., and Hirst, J. (2003). Molecular
Dynamics simulations of a helicase. Proteins 52, 254–262.
Dellago, C., Bolhuis, P.G., and Chandler, D. (1999). On the calcula-
tion of reaction rate constants in the transition path ensemble.
J. Chem. Phys. 110, 6617–6625.
Dillingham, M., Soultanas, P., and Wigley, D. (1999). Site-directed
mutagenesis of motif II in PcrA helicase reveals a role in coupling
ATP hydrolysis to strand separation. Nucleic Acids Res. 27, 3310–
3317.
Dillingham, M., Wigley, D., and Webb, M. (2000). Demonstration of
unidirectional single-stranded DNA translocation by PcrA helicase:
measurement of step size and translocation speed. Biochemistry
39, 205–212.
Dittrich, M., and Schulten, K. (2005). Zooming in on ATP hydrolysis in
F1. J. Bioenerg. Biomembr. 37, 441–444.
Dittrich, M., Hayashi, S., and Schulten, K. (2003). On the mechanism
of ATP hydrolysis in F1-ATPase. Biophys. J. 85, 2253–2266.
Dittrich, M., Hayashi, S., and Schulten, K. (2004). ATP hydrolysis in
the bTP and bDP catalytic sites of F1-ATPase. Biophys. J. 87, 2954–
2967.
Eargle, J., Wright, D., and Luthey-Schulten, Z. (2006). Multiple align-
ment of protein structures and sequences for VMD. Bioinformatics
22, 504–506.
Field, M.J., Bash, P.A., and Karplus, M. (1990). A combined quantum
mechanical and molecular mechanical potential for molecular dy-
namics simulations. J. Comp. Chem. 11, 700–733.
Hayashi, S., and Ohmine, I. (2000). Proton transfer in bacteriorho-
dopsin: structure, excitation and IR spectra, and potential energy
surface analyses by an ab initio QM/MM method. J. Phys. Chem.
B 104, 10678–10691.
Humphrey, W., Dalke, A., and Schulten, K. (1996). VMD: visual mo-
lecular dynamics. J. Mol. Graph. 14, 33–38.
Langen, R., Schweins, T., and Warshel, A. (1992). On the mechanism
of guanosine triphosphate hydrolysis in ras p21 proteins. Biochem-
istry 31, 8691–8696.
Li, G., and Cui, Q. (2004). Mechanochemical coupling in myosin:
a theoretical analysis with molecular dynamics and combined QM/
MM reaction path calculations. J. Phys. Chem. B 108, 3342–3357.
Lyne, D., and Walsh, O. (2001). Computational Biochemistry and
Biophysics (New York: Marcel Dekker Inc.).
Lyne, P.D., Hodoscek, M., and Karplus, M. (1999). A hybrid QM-MM
potential employing Hartree-Fock or density functional methods in
the quantum region. J. Phys. Chem. A 103, 3462–3471.
Maseras, F., and Morokuma, K. (1995). IMOMM: a new integrated ab
initio + molecular mechanics geometry optimization scheme of equi-
librium structures and transition states. J. Comp. Chem. 16, 1170–
1179.
Minehardt, T.J., Marzari, N., Cooke, R., Pate, E., Kollman, P.A., and
Car, R. (2002). A classical and ab initio study of the interaction of the
myosin triphosphate binding domain with ATP. Biophys. J. 82, 660–
675.
O’Donoghue, P., and Luthey-Schulten, Z. (2005). Evolutionary pro-
files derived from the QR factorization of multiple structural align-
ments gives an economy of information. J. Mol. Biol. 346, 875–894.
Phillips, J.C., Braun, R., Wang, W., Gumbart, J., Tajkhorshid, E., Villa,
E., Chipot, C., Skeel, R.D., Kale, L., and Schulten, K. (2005). Scalable
molecular dynamics with NAMD. J. Comp. Chem. 26, 1781–1802.
Russell, R.B., and Barton, G. (1992). Multiple protein sequence align-
ment from tertiary structure comparison: assignment of global and
residue confidence levels. Proteins 14, 309–323.
Schmidt, M.W., Baldridge, K.K., Boatz, J.A., Elbert, S.T., Gordon,
M.S., Jensen, J.H., Koseki, S., Matsunaga, N., Nguyen, K.A., Su,
S., et al. (1993). The general atomic and molecular electronic struc-
ture system. J. Comp. Chem. 14, 1347–1363.Schweins, T., Langen, R., and Warshel, A. (1994). Why have muta-
genesis studies not located the general base in ras p21 proteins?
Nat. Struct. Biol. 1, 476–484.
Singh, U.C., and Kollman, P.A. (1986). A combined ab initio quantum
mechanical and molecular mechanical method for carrying out sim-
ulations on complex molecular systems: applications to the CH3Cl +
Cl2 exchange reaction and gas phase protonation. J. Comp. Chem.
7, 718–730.
Soultanas, P., Dillingham, M., Wiley, P., Webb, M., and Wigley, D.
(2000). Uncoupling DNA translocation and helicase activity in
PcrA: direct evidence for an active mechanism. EMBO J. 19, 3799–
3810.
Strajbl, M., Shurki, A., and Warshel, A. (2003). Converting conforma-
tional changes to electrostatic energy in molecular motors: the ener-
getics of ATP synthase. Proc. Natl. Acad. Sci. USA 100, 14834–
14839.
Subramanya, H., Bird, L., Brannigan, J., and Wigley, D. (1996). Crys-
tal structure of a DExx box DNA helicase. Nature 384, 379–383.
Velankar, S., Soultanas, P., Dillingham, M., Subramanya, H., and
Wigley, D. (1999). Crystal structures of complexes of PcrA DNA heli-
case with a DNA substrate indicate an inchworm mechanism. Cell
97, 75–84.
Walker, J., Saraste, M., Runswick, M., and Gay, N. (1982). Distantly
related sequences in the a- and b-subunits of ATP synthase, myosin,
kinases and other ATP-requiring enzymes and a common nucleotide
binding fold. EMBO J. 8, 945–951.
Warshel, A. (1976). Bicycle-pedal model for the first step in the vision
process. Nature 260, 679–683.
Wittinghofer, A., Scheffzek, K., and Ahmadian, M.R. (1997). The in-
teraction of Ras with GTPase-activating proteins. FEBS Lett. 410,
63–67.
Wriggers, W., and Schulten, K. (1999). Investigating a back door
mechanism of actin phosphate release by steered molecular dy-
namics. Proteins 35, 262–273.
Ye, J., Osborne, A., Groll, M., and Rapoport, T. (2004). RecA-like mo-
tor ATPases—lessons from structures. Biochim. Biophys. Acta
1659, 1–18.
Yu, J., Ha, T., and Schulten, K. (2006). Structure-based model of
the stepping motor of PcrA helicase. Biophys. J., in press. Published
online June 30, 2006. 10.1529/biophysj.106.088203.
Zhang, L., and Hermans, J. (1996). Hydrophilicity of cavities in pro-
teins. Proteins 24, 433–438.
